A novel bifidogenic growth stimulator (BGS) was present in the cell-free filtrate and in methanol extract fraction of the starter (Propionibacterium freudenreichii) cells for the manufacture of Swiss-type cheese. After purification of the BGS isolated from the lyophilized cells, the mass (217.037) was determined by high-resolution electron impact mass spectrometry (MS) and liquid chromatography-MS spectra. Various experimental analyses indicated that the chemical structure of the BGS was 2-amino-3-carboxy-1,4-naphthoquinone (ACNQ). We examined the activity of the P. freudenreichii ET culture containing the BGS on a gut bacterial composition using an anaerobic continuous culture system and found that the BGS seems to enhance the selective utilization of oligosaccharides by bifidobacteria. Furthermore, a placebo-controlled study of the effects of BGS on fecal flora and stool frequency was carried out in healthy human subjects. A drink with the sterilized ET-3 culture was administered once a day for 7 days. Bifidobacterium percentage in the fecal flora and stool frequency were significantly increased by administration of the P. freudenreichii culture. The ACNQ exhibited growth stimulation of bifidobacteria at an extremely low concentration and enhanced the activities of NADH oxidase and NADH peroxidase in bifidobacteria. It was revealed that ACNQ works as a good electron acceptor of NAD(P)H diaphorase. The ACNQred was easily auto-oxidized and also acted as a better electron donor of NAD(P)H peroxidase. These ACNQ-mediated reactions seem to play roles in NAD(P)+-regeneration processes and seem to be responsible for the growth stimulation of bifidobacteria.
INTRODUCTION
Bifidobacteria are the predominant bacterial genus particularly in the stools of breast-fed infants and most adults (14, 32, 36) . It is believed that certain components in human breast milk such as high lactose, oligosaccharides, N-acetylglucosamine-containing saccharides, glycoproteins, and glycopeptides are growth factors for bifidobacteria (2, 4, 26, 29) . Indigestible carbohydrates, pantethine, lactulose, casein trypsin digest and products of amino-carbonyl reaction also enhance the growth of bifidobacteria (7, 10, 26, 28, 29) . Gibson et al. (11) reported that a significant increase in bifidobacterial counts was found when 8 subjects were fed oligofructose or inulin, though 2 subjects complained of flatulence intermittently throughout. These oligosaccharides are resistant to endogenous glycolytic enzymes and mainly serve as effective growth substrates for bifidobacteria in the colon. However, little consideration has been paid to the strictly selective bifidogenic oligosaccharides and, in particular, the strong bifido-genic factors produced by the food microorganisms.
Since pyrroloquinoline quinone (PQQ) was found as a co-factor of methanol dehydrogenase from methylotrophic bacteria in 1979 (31) , the quinoprotein glucose dehydrogenase has been demonstrated in several microorganisms such as enteric bacteria, Acinetobacter, Pseudomonas species. Furthermore, Ameyama et al.
(1, 34) indicated that PQQ was effective as a bacterial growth factor. However, PQQ could not enhance the growth of bifidobacteria. In 1994, we found a strong and novel bifidogenic growth stimulator (BGS) produced by Propionibacterium freudenreichii, which is used extensively in the dairy industry as starter culture for the manufacture of Swiss-type cheese (20) . The propionibacteria, especially P. freudenreichii, are essential for the development of the characteristic flavor and eye development in cheese making and are also important in other food industries, where they are responsible for the production of organic acids, biomass, vitamin B 12 and other specific metabolites (24, 30) . In the present review, I will focus on the characteristics, the chemical structure and the action of BGS in human gut microflora along with a mechanistic study of the BGS. *Corresponding author . Mailing address: Central Research Institute, Meiji Milk Products Co., Ltd., 1-21-3 Sakae-cho, Higashimurayama, Tokyo 189-8530, Japan. Phone: +81-42-391-2955. Fax: +81-42-395-1829. PRODUCTION OF BGS BY PROPIONIBACTERIA The P. freudenreichii is a Gram-positive, nonsporulating, nonmotile, aerotolerant chemoorganotroph with primary habitats in dairy products (6). During the fermentation process, this bacterium converts glucose to acetate, propionate, and CO2 (6). We found that the P. freudenreichii could produce a strong growth stimulator for bifidobacteria (BGS) and that BGS activity was present even after heat treatment at 121°C for 15 min (20) . Other species of propionibacteria such as P. jensenii and P. acidipropionici, which are usually detected in dairy products, also produced a substance like BGS (data are not shown). Addition of the cell-free filtrate of P. freudenreichii culture markedly enhanced the growth of Bifidobacterium longum, B. bifidum, dum, B. adolescentis and B. breve, which are normally found in human feces (Table 1) . However, the filtrate did not stimulate the growth of other microorganisms including intestinal bacteria and lactic acid bacteria. A remarkable increase in the cell mass and specific growth rate (,u) of B. breve JCM 1192 was observed when the BGS was added into the culture before the early period of the logarithmic growth phase (17) ( Fig. 1 ). However, there was no significant difference in the growth yield (g cells produced/mol glucose consumed, Yx/s), lactate yield (mol lactate produced/mol glucose consumed, YL/S), and acetate yield (mol acetate produced/ mol glucose consumed, YA/S) between the B. breve cultures with and without the sterilized P. freudenreichii culture (Figs. 1 and 2).
PURIFICATION AND STRUCTURAL

IDENTIFICATION OF BGS
The P. freudenreichii cells were grown in 500 1 of number 1 medium (20) anaerobically at 30°C for 96 hr. The cells were harvested from the culture broth by continuous centrifugation at 8,000 rpm. The freezedried cells were extracted twice with 15 l of CHC13 MeOH (2:1) by stirring for 1 hr at room temperature (25°C). After the solvent extracts were filtered and concentrated in vacuo, they were separated between ethyl acetate and water at pH 3.0. Next, the organic layer was dried over Na2SO4 and concentrated in vacuo; then, a brown oily residue was obtained as a crude extract. The crude extract was dissolved in ethyl acetate and the solution was adsorbed on purified celite. After the solvent was removed in vacuo, the celite was loaded into a silica gel column with Wako gel C-300 suspension in n-hexane. The HPLC system was used for separation of the fraction with BGS activity (27) . Active components were eluted successively with an eluent of ethyl acetate and n-hexane. The main fraction of silica gel column chromatography was concentrated and dissolved in methanol. After the oily material was applied to a Sephadex LH-20 column, the partially purified BGS The molecular formula was determined to be C11H7NO4 by high-resolution electron impact mass and liquid chromatography mass spectra. The BGS showed the absorption maxima at 227 and 269 nm in the UV spectrum, suggesting the presence of 2-amino-1,4-naphthoquinone moiety in this structure. Both [1H]NMR and [13C]NMR spectra supported the presence of 1,4-naphthoquinone moiety in this structure. 2-Amino-1,4-naphthoquinone has the molecular formula of C10H7NO2 (C11H7N04-0O2) and H-3 proton was not measured in the [1H]NMR spectrum of BGS. As shown in Fig. 3 , according to these results, the chemical structure of BGS was identified as 2-amino-3-carboxy-1,4-naphthoquinone (ACNQ). EFFECT OF BGS ON GUT MICROFLORA COMPOSITION a. Anaerobic Continuous Culture System (ACCS) Indigestible oligosaccharides can lead to significant changes in the balance of the constituent microflora in the large intestine. In studies of human subjects administered the oligosaccharides, bifidobacterial numbers increased in feces (7, 9, 12) . This means that the oligosaccharides are the preferred growth substrate for bifidobacteria. Some intestinal bacteria other than bifidobacteria also have the ability to utilize these oligosaccharides. Actually, it is reported that 2 subjects out of 8 complained of flatulence intermittently throughout or during the oligofructose feeding period (5). This might be because the oligofructose was fermented by some gas-producing bacteria in the gut. It has frequently been suggested that galactose-containing oligosaccharides including raffinose and stachyose are the components in the legume seeds which are responsible for flatulence (8). The ACCS designed to simulate the bacterial ecosystem of the human intestine is a very useful tool to investigate changes in gut microflora and me- 22, 23, 25) . We showed that the growth of bifidobacteria and acetate production were enhanced, especially one day after incubation, when supplemented with sterilized P. freudenreichii culture into a 2-stage ACCS (21) . In this study, we constructed a new ACCS (16) which has a two-way flow line from V2 to V3 and V4 vessels and compared the effects of BGS and raffinose on gut bacterial composition, especially bifidobacterial population (Fig. 4 , Table 2 ). The partially modified medium of Veilleux and Rowland (35) was used as a basal medium. The basal medium (pH 6.5) contained, per liter of distilled water, 0.5 g glucose, 1.5 g lactose, 5 g Lab-Lemco powder (Oxoid, Unipath Ltd., Basingstoke, Hampshire, England), 1.5 g yeast extract, 5 g peptone (Difco Laboratories, Detroit, Michigan, U.S.A.), 0.5 g soluble starch, 0.5 g cysteine • HCl, 1.5 g sodium acetate, 2.5 g NaCI, 4 ml of 0.025% (w/v) resazurin sol., 10 ml of 0.05% (w/v) hemin sol., and 20 ml of salt sol. Salt sol. contained, per liter of distilled water, 0.2 g CaC12, 0.2 g MgSO4 • 7H20, 1 g K2HPO4, 10 g NaHCO3, and 2 g NaCI. Seventy-two hours after inoculation of the fecal suspension of a male subject (27 yr) into V2, V3, and V4 vessels, 3 ml of 10% (w/v) raffinose was added into V3 and then 3 ml of 10% (w/v) raffinose and 15 ml of the sterilized P. freudenreichii culture (21) were simul-taneously added into V4. Both total counts and bifidobacterial counts in V4 were significantly increased 2 hr after addition of the raffinose and P. freudenreichii culture as compared with the counts before addition of these materials (Table 2 ). The bifidobacterial percentage in the fecal flora in V4 was also increased from 9.33 to 11.78% 4 hr after addition of these materials. However, the bifidobacterial percentage was decreased from 10.21 to 6.39% in V3 at the same time. Furthermore, an increase in bifidobacterial counts in V3 was not observed with addition of the raffinose, though the total counts significantly increased 4 hr after addition of the raffinose. It is likely that the raffinose is utilized by gut bacteria other than bifidobacteria and that the P. freudenreichii culture with BGS enhances the selective utilization of the raffinose by bifidobacteria. Hojo et al. (16) found that the bifidobacterial counts and bifidobacterial percentage were also increased when fructooligosaccharide and P. freudenreichii culture were added to the ACCS as compared with only the addition of fructooligosaccharide.
b. Placebo-Controlled Human Study
We showed that a significantly higher number of bifidobacteria in the fecal samples of 12 healthy male subjects with a mean age of 42.6 (range, 27-56 yr) was observed when they ingested 1 g of culture powder of P. freudenreichii for 14 days, three times a day after meals (33) . The frequency of occurrence of the bifidobacteria also increased from 92 to 100%. Furthermore, to evaluate the effect of BGS on stool frequency in human subjects, a placebo-controlled study was carried out using 19 healthy volunteers ranging from 24 to 59 yr (nine men, ten women, mean age 35.3). The fecal samples of 12 subjects (eight men, four women, mean age 39.3) out of 19 were analyzed to evaluate the effect of BGS on gut microflora (Fig. 5) . A beverage containing 8.1 g sugar, 0.54 g lemon juice, 0.27 g ascorbate, and 0.18 g flavor in a 90-ml solution was used as a placebo drink and a placebo drink containing 1.1 g P. freudenreichii culture was used as the test drink. All subjects were given the test drink (90 ml per day) for 7 days after lunch. Next, after an interval of 7 days (nonintake period), all subjects were given the test drink for 7 days after lunch. The subjects provided the records of their stool frequency and stool condition. During the study, antibiotics and dairy products such as yoghurt and cheese were prohibited. Stool samples for the bacteriologic analysis were collected on day 7 of each experimental period. The preparation of P. freudenreichii culture and quantitative bacteriologic analyses were carried out by the procedures described in our previous reports (18, 19, 33) . The results were statistically analyzed with the non-parametric Wilcoxon signed-ranks test (Table 3) . take period, the bifidobacteria population (%) to total fecal bacteria frequency of the test-drink intake period increased from 17.56 ± 8.04 to 26.79 ± 20.05 (p < 0.05) and stool frequency during the period of test-drink intake also increased from 6.89 ± 3.62 to 7.95 ± 2.91 times per week (p < 0.05). No increase in flatulence was observed during the period of the test-drink intake.
BGS AS AN ELECTRON TRANSFER MEDIATOR
As described above, there were no significant differences in the Yx/S, YL/S and YA/S values between the B. breve JCM 1192 cultures with and without the sterilized P. freudenreichii culture. ACNQ exhibited growth stimulation of bifidobacteria at an extremely low level (0.1 ng/ml) (20, 21, 27) . In addition, it was found that the apparent activity of NADH oxidase and peroxidase of B. breve increased with the addition of ACNQ (Table  4 ). Flavin adenine dinucleotide (FAD) also enhanced this enzyme activity. These results indicate that the action of the ACNQ is different from the oligosaccharides that serve as an energy source for bifidobacteria and that the ACNQ would be expected to act as an electron acceptor to regenerate NAD+ in bifidobacteria. Therefore, Yamazaki et al. (37, 38) characterized the physicochemical properties of ACNQ using electrochemical and absorption or electron spin resonance spectroscopic techniques. The physicochemical parameters were compared with those of vitamin K3 (VK3), which exhibits much lower activity than ACNQ for the growth stimulation of bifidobacteria in spite of the fact that VK3 also has a naphthoquinone structure.
It is essential for BGS to permeate through the membranes of bifidobacteria to function as an electron acceptor of diaphorase reaction in the cytosol. Yamazaki et al. (37, 38) determined the partition coefficient (P) in the 1-octanol/aqueous partition system and showed the pH profiles of the logarithmic values of P (logP) (Fig. 6 ). The oxidized ACNQ (ACNQox) was expected to be able to penetrate into the cytosol of bifidobacteria, whereas it was difficult for the reduced ACNQ (ACNQred) in cytosol to move through the membrane due to increased hydrophilicity, after which ACNQred would accumulate in the cytosol. This property is in marked contrast to VK3; both the oxidized and reduced forms are strongly hydrophobic at least at pH < 10. This means that VK3 will accumulate in the membrane. The apparent rate constant of NADH autoxidation mediated by ACNQ was 2 orders of magnitude greater than that of VK3. ACNQ also has a function as a mediator of the electron transfer from NADH to H2O2 (37) . It is conceivable that ACNQ can work as an effective mediator in the diaphorase-catalyzed electron transfer from NADH to 02 or H2O2. VK3 exhibited much lower activity as an electron transfer mediator. These findings were confirmed by using cell-free extracts and whole cells of bifidobacteria (38) . Continuous monitoring of ACNQ, 02, and H2O2 has revealed that ACNQ works as a good electron acceptor of NAD(P)H diaphorase and that ACNQred was easily auto-oxidized and also acted as a better electron donor of NAD(P)H peroxidase. These ACNQ-mediated reactions seem to play role in NAD(P)+-regeneration processes and seem to be responsible for the growth stimulation of bifidobacteria (37, 38) (Fig. 6 ).
All studies presented in this review were carried out in cooperation with Hojo, K., Yoda, N., Isawa, K., Mori 
